mary glands of rats (9) and DMBA-treated skin of mice (10).
mary glands of rats (9) and DMBA-treated skin of mice (10).
In this study we investigated the chemopreventive effects
Quercetin exerts antiproliferative effects in vitro on cancer cell of quercetin and rutin when added to standard AIN-76A lines of diverse lineages (11) (12) (13) (14) , including colonic cancer diet and fed to normal and azoxymethane (AOM)-treated cells (15) (16) (17) . The chemopreventive action of quercetin and mice. Early changes in colonic mucosa were analyzed, rutin in colonic neoplasia has been reviewed recently (18). including colonic cell proliferation, apoptotic cell death,
In this study we investigated the effects of supplementary cyclin D 1 expression and focal areas of dysplasia (FAD).
dietary quercetin and rutin in normal and AOM-treated CF1 The findings show that the number of colonic epithelial mice fed a standard AIN-76A diet. AOM-treated animals were cells per crypt column increased (P < 
Animals and diets

The number of apoptotic cells/column and apoptotic indices
Sixty CF1 mice 3 weeks of age were purchased from Charles River Laboratories markedly increased (P < 0.01) in the AOM-treated group (Kingston, NY). They were maintained at the Rockefeller University Animal compared with untreated animals; apoptotic cells expanded 
Introduction
Tissue preparation
Flavonoids are polyphenolic compounds found in various One week after the last AOM or saline administration (at 14 weeks of age), foods of plant origin (1-3). It has been estimated that humans all mice were killed by cervical dislocation 1 h after an intraperitoneal injection of bromodeoxyuridine (BrdU; 20 µg/g body wt). All mice were consuming high fruit and vegetable diets may ingest up to killed within the same time period (i.e. in the morning and not later than 1 g of these compounds daily (1-3). Quercetin, the major 1 pm on the same day) and kept under controlled lighting and feeding representative of the flavonol subclass of flavonoids, is an conditions to minimize possible circadian variations in colonic cell proliferation integral part of the human diet and the average human intake has been estimated to be~25 mg/day.
The colon was removed and 1 cm of rectum was cut into two equal parts. One segment of the colonic tissue was fixed in 10% neutral-buffered formalin Quercetin is present mostly in the form of glycosides such and the remaining segment was fixed overnight in 80% ethanol, then transferred as rutin, in the outer layer of ingested fruits, the outer leaves to 95% ethanol for an additional 12 h. Slides with 5 µm thick serial sections of formalin-fixed, paraffin-embedded tissues were stained with hematoxylin and eosin (H&E). A total of 200 µm thickness was evaluated for FAD and Abbreviations: AOM, azoxymethane; BrdU, bromodeoxyuridine; FAD, focal areas of dysplasia; LI, labeling index; NMU, N-nitrosomethylurea; NSAIDS, apoptotic cells. Tissue sections for cyclin D 1 immunohistochemistry were also sectioned from formalin-fixed tissue specimens. The specimens fixed in non-steroidal anti-inflammatory drugs. with the control animals which were maintained on the AINformalin and examined under a dissecting microscope for neoplasms.
76A diet (P Ͻ 0.01); and (ii) following AOM administration, Table II shows the frequency and distribution of apoptotic AOM-treated group compared with untreated animals.
Assessment of FAD
The distribution of apoptotic cells along the colonic crypt Cyclin D 1 expression was evaluated by immunohistochemistry of flat colonic mucosa (Table III) . All mice fed the AIN-76A Results diet only were negative for cyclin D 1 expression. A positive Cell proliferation response, however, was noted in animals kept on a diet supplemented either with quercetin (67%, P Ͻ 0.01) or with The results shown in Table I indicate that (i) the number of colonic epithelial cells per crypt column was increased in each rutin (50%, P Ͻ 0.05). The percentages of colonic crypts with In this study, cells/crypt in the rutin and quercetin groups were 0.053 and examination of the colonic mucosa was carried out before the 0.067, respectively, but with large variability. development of grossly visible neoplasia. All AOM-treated Focal areas of dysplasia mice developed FAD, which have been considered precancerous lesions in the colon (5, 6) . Dietary supplementation of Table III Notwithstanding these findings indicating an inhibitory effect rutin (P Ͻ 0.01 compared with the AIN-76A group). Both the process of colorectal carcinogenesis (29-31). While normal colonic crypt cells in mice kept on AIN-76A diet were devoid of appreciable cyclin D 1 expression, AOM administration resulted in a marked rise in immunochemical positive cells. Surprisingly, positive staining was also detected in a significant number of control mice fed the AIN-76A diet supplemented with quercetin and rutin, 50 and 67% respectively.
An interesting finding of this study was that dietary quercetin and rutin perturb the growth program of normal colonic epithelial cells by enhancing the apoptotic process. Apoptosis in mice fed the AIN-76A diet was observed predominantly in colonic cells resident in the mucosal surface and in the crypt upper zone. This characteristic zonal distribution of colonic cells in spontaneous apoptosis has been observed by us and others (32,33). Dietary addition of quercetin or rutin in the absence of AOM resulted in an increase in the number of apoptotic cells throughout the colonic crypts, and in a decrease at the mucosal surface.
Of particular interest was the redistribution of apoptotic cells along the colonic crypt axis; a significant number of apoptotic cells was scored in the lower colonic crypt zones. This observation is consonant with reports indicating that drugs and bioactive molecules capable of inducing apoptosis exert their action on colonic cells resident in the crypt proliferative compartment (34) .
The precise molecular modes of action of quercetin and rutin in altering the spatial and temporal death program of colonic cells remain to be elucidated. The apoptosis-inducing action of quercetin has been also observed in vivo in regenerating liver after partial hepatectomy (35) in cells of disparate lineages (13, 35, 36) , including colonic adenocarcinoma cell lines (16,37). Wei et al. (38) and Nagasaka and Nakamura (39) have observed that the apoptotic action of the flavonoid on tumor cells is related to the inhibition of the synthesis of shown to be an effective protein kinase inhibitor (37) (38) (39) (40) (41) (42) an alternative possibility is that the death-inducing action of this compound resides, at least partly, in promoting dephosphorylaof the flavonoids in early stages of colorectal carcinogenesis, quercetin alone was able to induce FAD in the normal colonic tion of key proteins involved in the control of apoptotic events. Consistent with this notion is the recurring observation that mucosa of 22% of mice. However, these mice, which did not receive AOM, exhibited only one FAD lesion compared with extensive tyrosine dephosphorylation is a contributory determinant in the decision of cells to die an apoptotic death, a larger increase of FAD number in AOM-treated animals maintained on the AIN-76A diet.
including normal murine cells of the large intestine (33) . Non-steroidal anti-inflammatory drugs (NSAIDs) have been The stimulatory effect of AOM on cell proliferation was evident 1 week after the last carcinogen dose: the number of reported to increase apoptosis in intestinal cancer cells of mice (43) . Since quercetin inhibits cyclooxygenase activity (44), a colonic epithelial cells and labeled cells/column was increased compared with untreated animals. Moreover, proliferative cells tenable hypothesis is that NSAIDs and the flavonoid share a common path of action in promoting the apoptotic process. were increased in number in the middle and upper crypt compartments. These results are consistent with an expansion Notwithstanding the apoptotic death induced by quercetin and rutin in colonic cells, the flavonoids elicited hyperplasia in the size of the colonic crypt proliferative compartment following carcinogen treatment (22). expression in normal flat colonic mucosa and dietary administration of quercetin resulted in focal areas of dysplasia. It is An increase in colonic cell number was noted in all groups supplemented with the flavonoids. In contrast, Yoshida et al.
noteworthy, however, that hyperplasia in the flavonoid-treated animal groups was not associated with an increase in the (23,24) and Hosokawa et al. (17) reported that quercetin arrests gastric, colonic and leukemic cell growth in cancer cell lines number of labeled cells/crypt or with changes in regional crypt cell proliferation. In contrast, the significant rise in the total cell at the late G 1 phase. Ranelletti et al. (25) 
